To overcome the poor toughness of PC/PLA blends due to the intrinsic properties of materials and poor compatibility, thermoplastic urethane (TPU) was added to PC/PLA blends as a toughener; meantime, catalyst di-n-butyltin oxide (DBTO) was also added for catalyzing transesterification of components in order to modify the compatibility of blends. The mechanical, thermal, and rheological properties of blends were investigated systematically. The results showed that the addition of TPU improves the toughness of PC/PLA blends significantly, with the increase of TPU, the elongation at break increases considerably, and the impact strength increases firstly and then falls, while the tensile strength decreases significantly and the blends exhibit a typical plastic fracture behavior. Meantime, TPU is conducive to the crystallinity of PLA in blends which is inhibited seriously by PC and damages the thermal stability of blends slightly. Moreover, the increased TPU makes the apparent viscosity of blends melt decrease due to the well melt fluidity of TPU; the melt is closer to the pseudoplasticity melt. Remarkably, the transesterification between the components improves the compatibility of blends significantly, and more uniform structure results in a higher crystallinity and better mechanical properties.
Introduction
In recent years, considerable attention has been paid to biodegradable polymers, mainly owing to increasing interest for preservation of environment and substitution for petrochemical polymers. Poly(lactic acid) (PLA), as one of the typical biodegradable polymers, has been studied and applied in many fields including tissue engineering [1, 2] , drug delivery [3] , and packing materials [4, 5] . PLA has become a great alternative to traditional plastics as an environmentally friendly polymer due to its superior properties such as high strength, high stiffness, and resistance to fats and oil. However, significant brittleness, low viscosity, low thermal stability, high moisture sensitivity, and low solvents resistance are often insufficient for the applications a lot of regions [6] . Many researches have focused on the design and preparation of new materials with excellent properties; typically, blending biodegradable polymers with conventional polymers is considered a convenient and effective method. A lot of blends with PLA such as PLA/starch [7] [8] [9] , PLA/ poly(vinyl alcohol) (PVA) [10] , PLA/polycaprolactone (PCL) [11] , PLA/montmorillonite [12] , PLA/poly (butylene adipateco-terephthalate) (PBAT) [13] , and PLA/rubber [14] have obtained in-depth research.
Recently, there is activity in blending PLA bioresins with engineering polymers to prepare alloy materials for using in durable products such as laptops, cellphones, and autoparts, which brings the biodegradablity character to the materials meanwhile keeps the excellent mechanical properties belonged to the engineering polymers. Some interesting systems were exploited; for example, Zhang et al. reported a PA/PLA blend with excellent toughness resulting from toughening by polyamide elastomer, and the shape memory effect was also found [15] . Polycarbonate (PC) is a typical engineering polymer which is commonly used in automotive, sheet glazing, medical appliance, packing, and some electrical 2 Advances in Materials Science and Engineering applications because of its high tensile strength, good electrical properties, low coefficient of thermal expansion, clarity, dimensional stability, and high-heat deflection temperature. However, the PC resin as a synthetic plastic is hard to be rapidly decomposed which is considered as the main reason to cause the environmental pollution. Considering, comprehensively, incorporating PLA into PC is an effective method for preparing the alloy with excellent mechanical properties and biodegradability. Nevertheless, PC/PLA blends still exhibit significant brittleness just like the character of the pure PC and PLA resin; meantime, the deteriorated processability, appearance, and mechanical properties are also the great drawbacks of blends due to the poor compatibility between PC and PLA [15] . Finding a method to improve the compatibility and the toughness of PC/PLA blends is the key to the application of this kind of blends. In previous researches, different kinds of resins were incorporated into PC resin as flexibilizer for improving its notched impact resistance and rheological properties, such as acrylonitrilebutadiene-styrene (ABS) [16] , ethylene vinyl acetate (EVA) [17] , and thermoplastic urethane elastomers (TPU) [18] that were all proved effective. Among all of flexibilizers, TPU has attracted wide attention in many fields due to its excellent mechanical properties of high elasticity, great flexibility and toughness, and high resistance to tear, oxidation, and humidity, and it has been usually used instead of old polymers and other elastomers. Moreover, TPU has also been proved as an effective flexibilizer to improve the toughness of PLA [19] . Therefore, it is reasonable to believe that TPU would be an available flexibilizer in improving the performance of PC/PLA blends. Meantime, except for the choice of raw materials, for guaranteeing the excellent properties of blends with biopolymers, many factors need to be considered and controlled, and many methods revolved in various aspect of materials preparation were used, for example, designing an effective and controllable processing to adjust the molecular structure and properties of blends [20] [21] [22] , adding nucleant agents or other materials in process to induce the crystallinity [23] , forming chain extension-branching of biopolymers in processing through in situ reaction [24] , and introducing the reaction between biopolymers and other functional polymers in processing [25] . In the systems with several components, the most important factor affecting the properties of blends is the compatibility of different components in blends. To solve this problem, the molecular structure of all components should be considered carefully. If the ester groups exist in all components, such as PLA, PC, and TPU, which could happen in the transesterification catalyzed by special catalyst, there is no doubt that the transesterification that happened between the components could make the blend tend to be whole thereby resulting in the improved compatibility of blends significantly.
In this study, PC/PLA/TPU blends with various ratio of raw materials were prepared by melt blending, an effective catalyst di-n-butyltin oxide (DBTO) was also added to the blends for catalyzing the transesterification between PC, TPU, and PLA in order to improve the compatibility of blends, and the mechanism was shown in Scheme 1. The effect of blends composition and transesterification on the structure and morphology and thermal, rheological, and Advances in Materials Science and Engineering 3 mechanical properties of blends was investigated comprehensively.
Materials and Methods

Materials.
PLA (PLA711, heat-resistant type) was purchased from Hangzhou Ximao Technology Co., Ltd. (China); the temperature for processing can arrive at 210 ∘ C; PC (PC2407, low viscosity and high impact resistant type) was purchased from Bayer Material Technology Co., Ltd. (German); TPU (85E95W, polyester type) was purchased from Bangtai Chemistry Co., Ltd. (German); di-n-butyltin oxide (DBTO) was purchased from Development of Beijing Chemical Technology Co., Ltd. (China).
Sample Preparation.
The raw materials of PC, PLA, and TPU were dried and the equipment is dewatered before processing in order to avoid the PLA degradation during melt blending. The process of sample preparation is shown as follows: PC, PLA, and TPU were dried in a vacuum oven at 60 ∘ C for 6 hours, and then PC, PLA, TPU, and DBTO with a certain ratio were put into twin-screw extruder (CTE-35 type, provided by Ningbo Haitian Stock Co., Ltd.) which had been fully dehumidified to melt extrusion and then pelletized, the temperature and screw speed of the extruder were set at 210 ∘ C-230 ∘ C and 120 rpm, and the extrusion process should be under vacuum. As has been proved by viscosity and GPC measure, the molecular weight of PLA after extrusion in actual processing temperature decreased within 8%. After being pelletized, the blends were put into the injection molding machine (HTF90WE type, provided by Ningbo Haitian Stock Co., Ltd.) for preparing the samples.
Characterization.
Morphology of blends was observed by scanning electron microscope (SEM) (S-3000N, provided by Hitachi Co., Ltd.), and the samples for observation were the surface and the cross section slices of impact broken blends, respectively. Thermal properties were represented by differential scanning calorimetry instrument (Q20 type, provided by TA Instruments in United States), and its analytical method was as follows: heat from 20 ∘ C to 200 ∘ C at the heating rate of 10 ∘ C/min, keep 3 min to eliminate thermal history, and then cool it down to room temperature at the rate of 10 ∘ C/min and heat it to 200 ∘ C at the rate of 10 ∘ C/min for the second time; the heating process was in nitrogen atmosphere. Thermal stability was represented by thermal gravimetric analyzer (Q50, provided by TA Instruments Company of America), and its analytical method was as follows: heat from 25 ∘ C to 700 ∘ C at the rate of 10 ∘ C/min in nitrogen atmosphere. Rheological behavior was represented by the capillary rheometer (RH7-D type, provided by Malvern, UK, with die / = 16). Tensile strength and elongation at break were tested by the universal mechanical tester (provided by SUNS Company, Shenzhen). Notched impact strength was tested by impact tester (CJ-J provided by Zuoji Instruments and Equipment Co., Ltd., Shanghai). 
Result and Discussions
Structure and Morphology of Blends.
For confirming the occurrence of transesterification, FTIR spectra of PC/PLA/ EVA blends and PC/PLA/EVA blends with catalyst DBTO were presented in Figure 1 . As shown in Figure 1 , the absorption peaks of both PC/PLA/TPU and PC/PLA/TPU/DBTO blends are similar basically. However, the peaks around 1700 cm −1 , corresponding to the C=O bond in blend, exhibit obvious distinguishing. The multiple peaks are observed in spectra of PC/PLA/TPU blends with different ratios of raw materials and the separated peaks belong to the C=O group of PC, PLA, and TPU in blends, respectively, while, in the spectrum of blend with catalyst DBTO, the corresponding peak changes to be a single peak, revealing the homogenization of these three kinds of C=O groups due to the occurrence of transesterification between them.
For analyzing the compatibility of the blends, the surface morphology of blends was shown in Figure 2 for comparison. SEM images (a), (b), (c), and (d) are the surface of blends, respectively. From the images, it could be seen clearly that different sizes of split-phases exist obviously in the surface of PC/PLA blends (image (a)), revealing the obvious poor compatibility. After incorporating TPU, the separated phases still exist, attributed to the unsolved problem related to the compatibility between three components in blends. However, the interface between different phases in blend becomes indistinct, and the addition of TPU may play a function in contacting PLA and PC in some degree. Comparably, the surface of blends added catalyst becomes more smooth without obvious split-phases, indicating that the transesterification indeed improved the compatibility of blend effectively.
Thermal Properties of Blends.
The DSC curves of PLA, PC/PLA, PC/PLA/TPU, and PC/PLA/TPU/DBTO blends were shown in Figure 3 . As can be seen in Figure 3 , the DSC curve of PLA owns obvious crystallization exothermic peak when the temperature is around 100 ∘ C, and a melting endothermic peak also appears around 170 ∘ C, as a symbol of the crystallization of PLA. In the DSC curve of PC/PLA blend, the glass-transition of PC appears at 149.83 ∘ C, but there is no obvious melting peak that could be found. The result indicates that the existence of PC in blends impeded the movement and rearrangement of PLA macromolecules chain so as to influence its crystallization. In curves of PC/PLA/TPU and PC/PLA/TPU/DBTO, the melting peaks that appear at 172 ∘ C and 168 ∘ C prove the existence of the crystallization of PLA in blends. This may be explained by the idea that the increase of the "soft" chain from TPU decreased the intramolecular and intermolecular force and enhanced the activity and flexibility of PLA molecular chain, which all beneficially affected crystallization of PLA. We can also see that the blend with DBTO shows better ability of crystallizing due to the improvement of compatibility. For displaying the effect of adding TPU and catalyst to the thermal properties of blends more directly, the crystallinity of blends calculated by normalizing the composition of blends is shown in Table 1 . The melting enthalpy of PLA with complete crystal is considered 49.3 J/g. From the data shown in Table 1 , it could be seen that the crystallization of PLA almost disappears in PLA/PC blends, and this may be ascribed to the idea that the molecular chain of PC is so rigid, that is, hard to move, which limits the activity and arrangement of PLA chains. Meantime, with the increase of TPU, the crystallization of PLA appears again and increases. The molecular chains of elastomer TPU own better activity which is conducive to the move of PLA thereby resulting in the increase of crystallization. Moreover, it could also be seen that the addition of DBTO could increase the crystallization further. The transesterification integrates the materials in blend and improves the compatibility and homogeneity of blends; all of this is helpful to the crystallization of PLA. Figure 4 showed the thermal weight loss curves and derivative curves of PC/PLA, PC/PLA/TPU, and Advances in Materials Science and Engineering 5 PC/PLA/TPU/DBTO blends; it is noted that the start temperature for losing weight of PC/PLA is lower than that of PC/PLA/TPU blends, which may be attributed to the reason that TPU chain adsorbed more energy to prohibit the decomposition of PLA, relatively, and the derivative curve of PC/PLA/TPU shifts to low temperature compared to that of PC/PLA blend, indicating that the TPU is against the thermal stability of blends due to the low decomposition temperature of TPU. Moreover, for PC/PLA/TPU/DBTO blends, the curve is similar to that of PC/PLA/TPU curve, while the curve becomes more smooth, corresponding to the more homogeneous loss weight behavior, which also proves the more homogeneous structure of blends.
Mechanical Properties of Blends.
The main purpose of adding elastomer TPU to PC/PLA blends was to improve the toughness of blends. Figure 5 showed the tensile and impact properties of PC/PLA, PC/PLA/TPU, and PC/PLA/TPU/ DBTO blends. It can be seen clearly from Figure 5 (A, B, C, and D series) that the mechanical properties of PC/PLA blends including tensile strength, elongation at break, and impact strength all exhibit a significant deterioration trend with the increase of PLA content, the mechanical data of properties belonging to PC/PLA (70/40) blends is only half of that of pure PC plastic (the impact strength and tensile strength of PC2407 are 75 KJ/m 2 and 66 MPa), and the results can be attributed to the low strength of PLA as well as the incompatible phase separation due to the poor compatibility between PLA and PC. After adding TPU, the elongation at break of blends increases significantly with the increase of TPU content, while the tensile strength decreases obviously, revealing that the soft TPU chain is not conducive to the strength but still plays a connection role for PC and PLA, thereby resulting in the improvement of toughness due to the more effective dispersion of energy. Moreover, the impact strength exhibits a first rise and then fall trend; when the content of TPU exceeds 25 copies, the impact strength of blend decreases rapidly. Although the TPU owns good flexibility and could modify the compatibility of blends, its intrinsic strength is not high and high content should cause the occurrence of split phase. More importantly, comparing E curves with D curves in the figure, it could be found that the addition of catalyst improves the mechanical properties significantly, the tensile, and impact strength, and elongation at break increases considerably due to the improvement of the compatibility of blends. Meantime, the properties still show direct dependency on the content of TPU, and the rule is consistent with that of PC/PLA/TPU blends without DBTO.
In order to illuminate the mechanism of property change of blend, the morphology of cross section of blends after impact fracture was observed. In Figure 6 , the SEM images of cross section show different break morphologies, revealing the different break behavior. Apparently, the cross section of PC/PLA blends is multilayer with smooth surface without plastic deformation, which is the characteristic belonging to brittle fracture. After incorporating TPU into blends, the fracture-surface displays complex surface morphology instead of obvious multilayer structure and clear substrate deformation, and many plastic deformations appear. This phenomenon may be reasonably explained by the idea that the rubber phases were pulled out from the substrate and absorbed a lot of energy when suffering the impact. The fracture-surface of blend with catalyst exhibits more complex and rough morphology, there are lot of slippages, corrugations, and deformations appears in the edge of fracture section.
Rheological Properties of Blends.
Rheological properties of the blends play a guiding role and make a great effect on processing, which should be paid the attention in preparation of blends. The influence of TPU and catalyst on the rheological properties of PC/PLA/TPU blends was studied. Figure 7 shows the shear rate-apparent viscosity curves and shear rate-shear stress curves of PC/PLA/TPU blends, respectively. As shown in Figure 7(a) , the addition of TPU increases the viscosity of blends, which may be ascribed to the higher viscosity of TPU than that of PLA under the processing temperature. However, the range of increase is still limited. At the same time, the addition of catalyst has no obvious influence on the apparent viscosity of blends. Correspondingly, the shear stress of blends increases with increasing TPU content. The non-Newtonian index of blends fitted by shear rate-shear stress curves of blends (Figure 7(b) ) was shown in Table 2 , and the non-Newtonian index of blends comes down with the increase of TPU, indicating that the characteristic of pseudoplasticity of melts becomes more obvious. These phenomena state that the addition of TPU makes the blends more sensitive to high shear speed. Therefore, increasing the rotate speed of screw is helpful to the processing.
Conclusion
For developing new materials with high performance and biodegradability, blending engineering plastics PC with biodegradable PLA is an effective method. Though the blends show a higher strength, the significant brittleness is still an obvious defect, attributed to the inherent character of both PC and PLA resin and the poor compatibility between them Advances in Materials Science and Engineering in blends. For solving this problem, TPU, as a toughening modifier, was incorporated into the PC/PLA blends by melt coextrusion. In order to improve the compatibility of blends further, catalyst, DBTO, was also added to blends to catalyze the transesterification of the components in blends. Through investigating the mechanical, thermal, and rheological properties of blends systematically, the several main results were obtained. Firstly, the addition of TPU improves the toughness of PC/PLA blends significantly, with the increase of TPU, the elongation at break increases considerably, and the impact strength increases firstly and then falls, while the tensile strength decreases significantly. From the observation by SEM, the break section of PC/PLA/TPU blends exhibits typical plastic fracture characteristic. Obviously, the addition of soft TPU chains provides the blends with more flexibility, while greater flexibility caused by high content of TPU damages the strength of blends drastically.
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Secondly, with the increase of TPU, the crystallinity of PLA in blends increases gradually and the soft TPU chains decrease the intramolecular and intermolecular force and enhance the activity and flexibility of PLA molecular chains, which is conducive to the arrangement of molecular chains, thereby resulting in a higher crystallinity. Nevertheless, the thermal stability of blends deteriorates slightly.
Thirdly, the apparent viscosity of blends melt decreases with the increase of TPU due to the well melt fluidity of TPU and the melt is closer to the pseudoplasticity melt, which is more sensitive to high shear speed.
Finally, DBTO could catalyze the transesterification of the components in blends effectively, and the structure of PC/PLA/TPU blends becomes more homogeneous after the reaction, revealing the better compatibility. When adding DBTO, the mechanical properties including tensile, impact strength, and elongation at break of blends all increase and the crystallinity of PLA and thermal stability of blends improves. In conclusion, the transesterification catalyzed by DBTO is conducive to the properties of blends. Considering the properties of blends comprehensively, the optimal ratio of PC/PLA/TPU/DBTO is 70 : 30 : 30 : 0.8.
